Epigenetic Regulation of Monoallelic Rearrangement (Allelic Exclusion) of Antigen Receptor Genes by Rena Levin-Klein & Yehudit Bergman
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
MINI REVIEW ARTICLE
published: 05 December 2014
doi: 10.3389/fimmu.2014.00625
Epigenetic regulation of monoallelic rearrangement (allelic
exclusion) of antigen receptor genes
Rena Levin-Klein andYehudit Bergman*
Department of Developmental Biology and Cancer Research, Institute for Medical Research Israel Canada, Hebrew University Medical School, Jerusalem, Israel
Edited by:
Paolo Casali, University of Texas
School of Medicine – Health Science
Center SA, USA
Reviewed by:
Jayanta Chaudhuri, Memorial Sloan
Kettering Cancer Center, USA
Amy L. Kenter, University of Illinois
College of Medicine, USA
*Correspondence:
Yehudit Bergman, Department of
Developmental Biology and Cancer
Research, Institute for Medical
Research Israel Canada, Hebrew
University Medical School, P.O. Box
12272, Ein Kerem, Jerusalem 91120,
Israel
e-mail: yehudit.bergman@huji.ac.il
While most genes in the mammalian genome are transcribed from both parental chro-
mosomes in cells where they are expressed, approximately 10% of genes are expressed
monoallelically, so that any given cell will express either the paternal or maternal allele, but
not both. The antigen receptor genes in B and T cells are well-studied examples of a gene
family, which is expressed in a monoallelic manner, in a process coined “allelic exclusion.”
During lymphocyte development, only one allele of each antigen receptor undergoes V(D)J
rearrangement at a time, and once productive rearrangement is sensed, rearrangement of
the second allele is prevented. In this mini review, we discuss the epigenetic processes,
including asynchronous replication, nuclear localization, chromatin condensation, histone
modifications, and DNA methylation, which appear to regulate the primary rearrangement
of a single allele, while blocking the rearrangement of the second allele.
Keywords: asynchronous replication, immunoglobulin, V(D)J recombination, DNA methylation, hematopoietic
development
INTRODUCTION
In diploid genomes, most genes are transcribed and expressed
from both maternal and paternal alleles, giving rise to a robust
expression pattern, which allows the cells to be less susceptible
to the damaging consequences of mutations and varying environ-
mental cues. There is, however, a subset of genes that are expressed
from only a single allele in a given cell, seemingly sacrificing the
evolutionary benefits of the diploid genome (1). This apparent
disadvantage is compensated for by other benefits, such as greater
cell to cell diversity, which may allow greater robustness of the
organism as a whole.
Monoallelic expression can be divided into two subgroups,
non-random and random monoallelically expressed (RME) genes.
The imprinted genes are a well-studied example of the non-
random monoallelically expressed subgroup. In this subgroup,
each gene is predetermined to be expressed either exclusively from
the maternal or the paternal allele in all cells in the organism (2).
Most monoallelically expressed genes fall into the second category
of the RME genes. Here, each cell may express either the maternal
or paternal allele, and the choice of which allele of each gene is
expressed varies throughout the different cells in the body. One
well-studied example of RME genes is the group of X chromo-
some linked genes in female mammals, where in each cell most
of the genes on a single X chromosome are silenced epigeneti-
cally to create a balanced level of expression relative to that in
male cells (3). Olfactory receptor genes constitute an additional
family of well-defined RME genes (4). In each olfactory neuron,
a single olfactory receptor is expressed from a single allele, to
enable varied and specific odorant sensing. Recent studies have
demonstrated that monoallelic expression is widespread in var-
ious tissues and that the percent of monoallelic expression rises
sharply following differentiation from the pluripotent state (5–7).
The families of genes that are subject to RME are numerous and
vary highly (5–8).
ALLELIC EXCLUSION OF ANTIGEN RECEPTOR GENES
Historically, one of the earliest monoallelically expressed gene
families to be recognized is that of the antigen receptors (9, 10).
Each B and T cell recognizes only one antigen, as a result of the
expression of a single functional V(D)J rearranged protein for each
subunit of the antigen receptors. Expression of additional func-
tional rearranged subunits from the second allele could lead to
multiple specificities, with deleterious results such as autoimmu-
nity (11). The phenomenon of monoallelic rearrangement of the
antigen receptors has been coined “allelic exclusion.” During B
and T cell development, at the proper developmental stage, each
antigen receptor locus becomes accessible to the rearrangement
machinery, and one of the two alleles undergoes rearrangement. If
this rearrangement produces a functional antigen receptor chain,
further rearrangements are prevented by a feedback inhibition
mechanism. If, however, the rearrangement fails to produce a func-
tional protein, further rearrangements on the original allele, or on
the other allele are induced until a functional protein is produced
(12, 13). The only antigen receptor locus that is not subject to
feedback inhibition, is the TCRα locus, where rearrangements on
both alleles are seen in most mature T cells (14).
Monoallelic expression may be regulated at multiple levels.
Most RME genes are regulated at the transcriptional level, so that
only one allele has the possibility of being transcribed. In con-
trast, in the case of allelic exclusion at the antigen receptor loci,
both alleles (functionally and non-functionally rearranged) may
be transcribed. However, only one of these alleles will give rise to
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a functionally translated protein. In fact, in an engineered mice
where both endogenous alleles of either the IgH (15) or Igκ (16)
loci are functionally prerearranged (i.e., the Ig alleles are both in a
rearranged form prior to the cell stage when rearrangement usu-
ally occurs), both alleles are transcribed and translated in mature
B cells. This signifies that the mechanisms ensuring monoallelic
expression at these loci are not regulating transcription, but rather
the rearrangement process itself.
There is a large amount of evidence at the Igκ locus that the pri-
mary allele which undergoes rearrangement is determined prior
to the developmental stage when the rearrangement itself occurs.
At an early developmental stage, the allele is selected randomly, so
that overall in the B cell pool both alleles are represented equally.
Only later in B cell development, does this choice become sta-
ble and clonally maintained in an epigenetic manner. Lineage
tracing experiments in mice where the two Igκ alleles could be
differentiated by flow cytometry showed that at early stages of B
cell development, namely in hematopoietic stem cells (HSCs) and
multipotent progenitor (MPP) cells, the choice of which allele is
selected for rearrangement is still plastic (17). Thus, mature B cells
arising from a single MPP or HSC will express either one of the Igκ
alleles. At the CLP stage, however, following commitment to the
lymphoid lineage, but prior to B cell commitment, two subgroups
are observed. The first subgroup behaves like the earlier stages of
development, where both alleles are represented on the surface
of different mature B cells arising from a single CLP. The sec-
ond subgroup of CLPs, however, shows a committed phenotype,
where all of the mature B cells that originated from a single CLP
express Igκ chains from the same allele (17). This commitment is
observed in all stages following the CLP stage (pro-B and pre-B
cells) leading up to the rearrangement process (17). It is plausible
to assume that the committed CLP subgroup is at a later develop-
mental stage than the uncommitted CLP subgroup, though they
both fall under the definition of CLP cells. This developmental
transition from a plastic to committed allelic phenotype seen in
hematopoietic development strikes a delicate balance between the
need for diversity in the organism, which is made possible by the
early, non-committed stages, and the necessity to ensure monoal-
lelic rearrangement at the proper stage. It will be interesting to
investigate the precise developmental allelic commitment of other
RME genes, including additional antigen receptor loci.
Interestingly, the choice made at the CLP stage is strong enough
to override the feedback inhibition, as seen in the case of mice,
which have one functionally prerearranged Igκ allele, and the other
allele is in the germline configuration (16). In these mice, approx-
imately 50% of the mature B cells express only the prerearranged
allele, while the rest of the cells express both the prerearranged and
a newly rearranged allele, signifying that the transcription of the
prerearranged allele is not sufficient to supersede the cells where
the germline allele was “chosen” for rearrangement.
ASYNCHRONOUS REPLICATION
There are a number of epigenetic mechanisms that appear to reg-
ulate the selection of a single allele for rearrangement, and allow
the recombination machinery to access only the chosen allele,
while repressing the other allele and making it inaccessible. One
of the mechanisms that mark the antigen receptor loci already
at an extremely early developmental stage is the asynchronous
replication timing of the DNA during S phase of the cell cycle.
Replication timing of DNA has been seen to be mostly in cor-
relation with the expression patterns of the genes located within
the region of replication (18, 19). Early replicating zones con-
tain a large proportion of genes that are actively expressed, while
repressed genes are mostly associated with late replicating zones.
Approximately 10% of the regions in the genome fall into a third
category of replication timing, where one of the alleles replicates
early in S phase,while the replication of the second allele takes place
only later (20). Genes located within asynchronously replicat-
ing regions are often expressed monoallelically. Most well-known
examples of genes expressed monoallelically, such as imprinted
genes (21), olfactory receptor genes (22), and genes silenced
monoallelicaly on the X chromosome in females (23) are repli-
cated in such a manner. The replication patterns are established in
the early embryo, following implantation, and regions that repli-
cate asynchronously starting from this stage remain so through-
out development (24, 25). The asynchronous replication pattern
remains even in cell types where the genes contained within the
replication zone are not expressed (24). Thus, asynchronous repli-
cation is an early epigenetic mark of the potential of monoallelic
expression. This potential is not necessarily realized in all cells.
The antigen receptor loci replicate in an asynchronous man-
ner. In mature B cells, the rearranged IgH and Igκ alleles replicate
early, while the unrearranged alleles replicate in late S phase (24).
Although the regions, which replicate asynchronously, are set at
implantation, the choice of which of the two alleles will repli-
cate early remains plastic until later stages of development (17,
24). Specifically, in the hematopoietic lineage, the early replicat-
ing Igκ allele is not maintained through multiple cell divisions
in HSCs and MPPs (Figure 1) (17). This coincides with the
fact that at these stages the allele that will undergo rearrange-
ment in pre-B cells has not yet been determined. In the CLP
stage, two distinct subgroups are observed. The first subgroup
behaves in a manner similar to the HSC and MPP stages, where
the replication of each allele switches between early and late
timing over the course of numerous cell cycles. In the second
CLP subgroup, the identity of the early replicating allele remains
constant through multiple cell divisions (Figure 1) (17). This
correlates nicely with the fact that the CLP stage contains cells
that are not yet committed to the rearrangement of a partic-
ular Igκ allele, as well as cells, which will faithfully rearrange
only one of the two alleles. It is likely that the allelically com-
mitted CLPs represent a more mature stage of differentiation
than the allelicaly plastic CLPs. In the pre-B cell stage, the early
replicating allele is the one chosen for rearrangement, when the
cells are induced to differentiate (Figure 1) (17). Thus, asynchro-
nous replication is seen to be a clear early marker of monoallelic
potential, and commitment of a specific allele to replicate early
coincides with the commitment of that allele to rearrange later
in B cell development. How these patterns are set up, main-
tained, and translated into monoallelic expression or rearrange-
ment is still unknown and should be the subject of future
research.
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FIGURE 1 | Model of the epigenetic control of Igκ monoallelic
rearrangement. In early hematopoietic progenitors, including hematopoietic
stem cells (HSCs), multipotent progenitors (MPPs), and at an early stage of
the common lymphoid progenitor cells (early CLPs), the two Igκ alleles
appear to be identically marked – both are in a relatively inaccessible
chromatin state, and are methylated on the DNA. The DNA replicates
asynchronously, but the choice of which allele is early replicating switches
constantly. At the late CLP stage, the alleles still appear externally similar, but
the early replicating allele is now consistently maintained throughout multiple
cell divisions. At the pre-B cell stage, leading up to the monoallelic
rearrangement event, the late replicating allele relocates to the
pericenteromeric heterochromatin, while the early replicating allele moves to
a central, euchromatic region of the nucleus. The histones of the early
replicating allele become marked with H3Ac and H3K4me3. The RAG protein
binds to the H3K4me3 modification. Following DNA demethylation of the
early replicating allele, the Igκ locus will undergo monoallelic rearrangement.
NUCLEAR LOCALIZATION AND CHROMATIN STRUCTURE
An additional level of regulation of the monoallelic choice, which
comes into play closer to the actual rearrangement reaction, is
that of nuclear localization and chromatin condensation. When
genes are localized to the pericenteromeric heterochromatin, they
are maintained in a repressive and inaccessible chromatin state,
which is not optimal for the activity of the RAG machinery. At the
time of recombination of the TCRα (26), TCRβ (27–29), and Igκ
(30, 31) loci, it has been observed that one allele is usually located
at the nuclear periphery, within a domain of pericenteromeric
heterochromatin. The opposing allele is localized to more cen-
tral, euchromatic regions of the nucleus, or, conversely, is looped
away from the nuclear periphery. Only the allele, which is removed
from the nuclear periphery, undergoes rearrangement (Figure 1).
It is particularly noteworthy that this mechanism is present at the
TCRα locus, since allelic exclusion does not occur at this locus
(14), yet the rearrangement is restricted to one allele at a time. The
ATM protein has been implicated as part of the mechanism that
sequesters one of the alleles to the pericentromeric heterochro-
matin. In the absence of a functional ATM protein, the recruitment
to the heterochromatin of Igκ and TCRα is impaired and many
cells are observed to have RAG-mediated double strand breaks
(DSBs) simultaneously on both alleles (26, 31). This function of
ATM is not mediated via its canonical phosphorylation of H2AX
or MDC1 as a reaction to DSBs (32). The precise mechanism of
action is still not well understood.
Location and condensation are not the only ways in which
two homologous antigen receptor alleles differ from each other
on the chromatin level prior to rearrangement. In pre-B cells, the
Igκ allele, which is destined to undergo rearrangement, is usually
packaged with activating histone marks, such as H3K4me3 and
H3Ac, whereas the opposing allele, which is associated with the
pericenteromeric heterochromatin, is not (Figure 1) (17, 30). The
presence of H3K4me3 at the rearrangement site is particularly
noteworthy, as this acts as a docking site for the RAG2 protein
(33, 34). This protein contains a PHD domain, which specifically
recognizes the H3K4me3 modification that is necessary for effi-
cient V(D)J recombination in vivo (35–37). Indeed, RAG2 binding
at this locus is monoallelic, and occurs on the allele enriched
for H3K4me3 (Figure 1) (17). The H3K4me3 mark is present
at all of the antigen receptor loci at the developmental stage at
which they undergo rearrangement (33) and the RAG complex is
specifically recruited to these sites (26, 27, 34). Whether this his-
tone mark is monoallelic at the remaining loci has not yet been
examined, so it remains to be seen whether this is a widespread
phenomenon.
DNA DEMETHYLATION
We will conclude this review with the discussion of the devel-
opmentally regulated removal of methylation from the DNA at
the antigen receptor loci, as a final step leading to rearrangement.
The antigen receptor loci are methylated in most tissues in the
body following the wave of de novo DNA methylation, which takes
place throughout the genome shortly after implantation (38, 39).
It has been observed that following rearrangement in the B cell lin-
eage, the IgH and Igκ loci are hypomethylated on the rearranged
allele, while alleles, which are still in the germline configuration,
remain hypermethylated (40, 41). Although it is possible that
the monoallelic demethylation observed on the rearranged alleles
occurs following the recombination process, there are a number
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of observations, which indicate that the demethylation takes place
prior to rearrangement and, in fact, enhances the rearrangement
process. For one, DNA methylation has been shown to block the
activity of the RAG proteins in vitro (42) and reduction of methy-
lation can induce rearrangement in cell culture conditions (43).
Demethylation begins on the Igκ locus at the pre-B cell stage
(Figure 1), and will occur at this stage even in RAG−/− cells inca-
pable of performing rearrangement (40). In fact, over the course
of normal development, demethylation of the Igκ locus will occur
in a monoallelic manner, even in the case of feedback inhibition
of a prerearranged transgene, which will prevent the rearrange-
ment of the endogenous locus (40, 44). Additionally, in a mouse
where both of the endogenous Igκ alleles have been replaced with
a prerearranged functional Igκ gene, one of the alleles is unmethy-
lated in mature B cells, while the second remains fully methylated,
despite the fact that both alleles are expressed at similar levels (16).
Rearrangement intermediates of the Igκ locus (where the DSBs
created by the RAG machinery are not yet resolved) are found
among the unmethylated, but not methylated, fraction of wild
type pre-B cells DNA (44). Moreover, the methylated chromatin
fraction from RAG−/− IgH+ pre-B cells is not a good substrate for
exogenous RAG cleavage, while the unmethylated fraction is (44).
Taken together, it is clear that the monoallelic DNA demethylation
is a strong mechanism hardwired into B cell development, which
is independent of the rearrangement process, but which licenses
monoallelic recombination.
A number of cis regulatory elements at the Igκ locus contribute
to the demethylation process in pre-B cells. These elements include
the three κ enhancers (iEκ, 3’Eκ, and Ed) (40, 45–48), as well
as the recently characterized Dm element, which lies upstream
of iEκ (49). Over the past few years, a number of mechanisms
have been suggested, which can lead to demethylation of DNA
sequences. Demethylation may occur either in an active manner,
which transpires independently of DNA replication, or in a pas-
sive manner, where the methylation is not regenerated following
replication and is thus diluted over the course of multiple cell
divisions. The proteins from the Tet family, which catalyze the oxi-
dation of 5-methyl cytosine (5mC) residues into 5-hydroxymethyl
cytosine (5hmC) (50), have been suggested as mediators of DNA
demethylation in a number of tissues, in both an active and pas-
sive manner. Once the 5hmC intermediate has replaced the 5mC,
it can be either be actively excised from the genome and substi-
tuted with an unmodified cytosine (51, 52), or, alternatively, may
be passively lost over the course of DNA replication (53) [since
DNMT1, does not recognize 5hmC as a substrate for maintenance
of DNA methylation (54)]. A different strategy of passive demethy-
lation, which has been reported, is the sequestration of DNMT1
from the DNA by cis acting non-coding RNA (55). This allows
the DNA to become unmethylated by a passive mechanism during
cell division. Whether any of the above described mechanisms is
utilized by the cell for demethylation of the Igκ locus has yet to be
determined.
CONCLUSION
Altogether, we see that the cell uses multiple layers of epigenetic
regulation, starting from the early post-implantation embryo, to
ensure that the antigen receptor genes undergo rearrangement
on one allele at a time, and thus allow for the clonal monoal-
lelic expression of the antigen receptors on B and T cells, giving
rise to the great diversity and specificity of the system. In the Igκ
locus, asynchronous replication is the first epigenetic mark to be
fixed upon a specific allele. This is apparently followed by histone
modifications, which begin to appear on the chosen allele in the
pro-B cell stage, before the alleles move to separate nuclear com-
partments in pre-B cells (17, 30). In the pre-B cell stage, one allele
becomes more strongly marked with active histone modifications,
whereas the other allele is located adjacent to the heterochromatin.
The final epigenetic change, which precedes rearrangement, is the
removal of DNA methylation from the allele that is then cleaved by
the recombination machinery. It is not yet clear what the compara-
tive contribution of each epigenetic event is toward the regulation
of the monoallelic rearrangement. There is still a large gap in
our understanding of how exactly these patterns are established,
maintained, and translated into the monoallelic rearrangement
phenotype. Future research will improve our understanding of
this, and perhaps other monoallelically expressed systems. It will
be exciting to see what more can be learned about this fascinating
system.
ACKNOWLEDGMENTS
This work was supported by research grants from the Israel Acad-
emy of Sciences (ISF, Yehudit Bergman), NIH (Yehudit Bergman),
the Israel Cancer Research Foundation (Yehudit Bergman), the
United States–Israel Bi-national Science Foundation (Yehudit
Bergman), and the I-CORE Program of ISF (grant no. 1796/12).
REFERENCES
1. Chess A. Mechanisms and consequences of widespread random monoallelic
expression. Nat Rev Genet (2012) 13(6):421–8. doi:10.1038/nrg3239
2. Plasschaert RN, Bartolomei MS. Genomic imprinting in development, growth,
behavior and stem cells. Development (2014) 141(9):1805–13. doi:10.1242/dev.
101428
3. Schulz EG, Heard E. Role and control of X chromosome dosage in mammalian
development. Curr Opin Genet Dev (2013) 23(2):109–15. doi:10.1016/j.gde.
2013.01.008
4. Rodriguez I. Singular expression of olfactory receptor genes. Cell (2013)
155(2):274–7. doi:10.1016/j.cell.2013.09.032
5. Deng Q, Ramskold D, Reinius B, Sandberg R. Single-cell RNA-seq reveals
dynamic, random monoallelic gene expression in mammalian cells. Science
(2014) 343(6167):193–6. doi:10.1126/science.1245316
6. Eckersley-Maslin MA, Thybert D, Bergmann JH, Marioni JC, Flicek P, Spector
DL. Random monoallelic gene expression increases upon embryonic stem cell
differentiation. Dev Cell (2014) 28(4):351–65. doi:10.1016/j.devcel.2014.01.017
7. Gendrel AV, Attia M, Chen CJ, Diabangouaya P, Servant N, Barillot E, et al.
Developmental dynamics and disease potential of random monoallelic gene
expression. Dev Cell (2014) 28(4):366–80. doi:10.1016/j.devcel.2014.01.016
8. Zwemer LM, Zak A, Thompson BR, Kirby A, Daly MJ, Chess A, et al. Auto-
somal monoallelic expression in the mouse. Genome Biol (2012) 13(2):R10.
doi:10.1186/gb-2012-13-2-r10
9. Pernis B, Chiappino G, Kelus AS, Gell PG. Cellular localization of immunoglob-
ulins with different allotypic specificities in rabbit lymphoid tissues. J Exp Med
(1965) 122(5):853–76. doi:10.1084/jem.122.5.853
10. Cebra JJ, Colberg JE, Dray S. Rabbit lymphoid cells differentiated with respect
to alpha-, gamma-, and mu- heavy polypeptide chains and to allotypic markers
Aa1 and Aa2. J Exp Med (1966) 123(3):547–58. doi:10.1084/jem.123.3.547
11. Pelanda R. Dual immunoglobulin light chain B cells: Trojan horses of autoim-
munity? Curr Opin Immunol (2014) 27:53–9. doi:10.1016/j.coi.2014.01.012
Frontiers in Immunology | B Cell Biology December 2014 | Volume 5 | Article 625 | 4
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Levin-Klein and Bergman Epigenetic control of allelic exclusion
12. Nemazee D, Hogquist KA. Antigen receptor selection by editing or down-
regulation of V(D)J recombination. Curr Opin Immunol (2003) 15(2):182–9.
doi:10.1016/S0952-7915(03)00008-6
13. Cedar H, Bergman Y. Choreography of Ig allelic exclusion. Curr Opin Immunol
(2008) 20(3):308–17. doi:10.1016/j.coi.2008.02.002
14. Winter M, Kashani E, Chennupati V, Fohse L, Prinz I. Visualization and quan-
tification of monoallelic TCRalpha gene rearrangement in alphabeta T cells.
Immunol Cell Biol (2014) 92(5):409–16. doi:10.1038/icb.2013.105
15. Sonoda E, Pewzner-Jung Y, Schwers S, Taki S, Jung S, Eilat D, et al. B cell devel-
opment under the condition of allelic inclusion. Immunity (1997) 6(3):225–33.
doi:10.1016/S1074-7613(00)80325-8
16. Fraenkel S, Mostoslavsky R, Novobrantseva TI, Pelanda R, Chaudhuri J,
Esposito G, et al. Allelic ‘choice’ governs somatic hypermutation in vivo at
the immunoglobulin kappa-chain locus. Nat Immunol (2007) 8(7):715–22.
doi:10.1038/ni1476
17. Farago M, Rosenbluh C, Tevlin M, Fraenkel S, Schlesinger S, Masika H,
et al. Clonal allelic predetermination of immunoglobulin-kappa rearrangement.
Nature (2012) 490(7421):561–5. doi:10.1038/nature11496
18. Mendez J. Temporal regulation of DNA replication in mammalian cells. Crit Rev
Biochem Mol Biol (2009) 44(5):343–51. doi:10.1080/10409230903232618
19. Goren A, Cedar H. Replicating by the clock. Nat Rev Mol Cell Biol (2003)
4(1):25–32. doi:10.1038/nrm1008
20. Farkash-Amar S, Lipson D, Polten A, Goren A, Helmstetter C, Yakhini Z, et al.
Global organization of replication time zones of the mouse genome. Genome
Res (2008) 18(10):1562–70. doi:10.1101/gr.079566.108
21. Kitsberg D,Selig S,Brandeis M,Simon I,Keshet I,Driscoll DJ, et al. Allele-specific
replication timing of imprinted gene regions. Nature (1993) 364(6436):459–63.
doi:10.1038/364459a0
22. Chess A, Simon I, Cedar H, Axel R. Allelic inactivation regulates olfactory recep-
tor gene expression. Cell (1994) 78(5):823–34. doi:10.1016/S0092-8674(94)
90562-2
23. Schmidt M, Migeon BR. Asynchronous replication of homologous loci on
human active and inactive X chromosomes. Proc Natl Acad Sci U S A (1990)
87(10):3685–9. doi:10.1073/pnas.87.10.3685
24. Mostoslavsky R, Singh N, Tenzen T, Goldmit M, Gabay C, Elizur S, et al. Asyn-
chronous replication and allelic exclusion in the immune system. Nature (2001)
414(6860):221–5. doi:10.1038/35102606
25. Simon I, Tenzen T, Reubinoff BE, Hillman D, McCarrey JR, Cedar H. Asynchro-
nous replication of imprinted genes is established in the gametes and maintained
during development. Nature (1999) 401(6756):929–32. doi:10.1038/44866
26. Chaumeil J, Micsinai M, Ntziachristos P, Deriano L, Wang JM, Ji Y, et al. Higher-
order looping and nuclear organization of Tcra facilitate targeted rag cleav-
age and regulated rearrangement in recombination centers. Cell Rep (2013)
3(2):359–70. doi:10.1016/j.celrep.2013.01.024
27. Chan EA, Teng G, Corbett E, Choudhury KR, Bassing CH, Schatz DG, et al.
Peripheral subnuclear positioning suppresses Tcrb recombination and segre-
gates Tcrb alleles from RAG2. Proc Natl Acad Sci U S A (2013) 110(48):E4628–37.
doi:10.1073/pnas.1310846110
28. Schlimgen RJ, Reddy KL, Singh H, Krangel MS. Initiation of allelic exclusion by
stochastic interaction of Tcrb alleles with repressive nuclear compartments. Nat
Immunol (2008) 9(7):802–9. doi:10.1038/ni.1624
29. Skok JA, Gisler R, Novatchkova M, Farmer D, de Laat W, Busslinger M. Reversible
contraction by looping of the Tcra and Tcrb loci in rearranging thymocytes. Nat
Immunol (2007) 8(4):378–87. doi:10.1038/ni1448
30. Goldmit M, Ji Y, Skok J, Roldan E, Jung S, Cedar H, et al. Epigenetic ontogeny
of the Igk locus during B cell development. Nat Immunol (2005) 6(2):198–203.
doi:10.1038/ni1154
31. Hewitt SL, Yin B, Ji Y, Chaumeil J, Marszalek K, Tenthorey J, et al. RAG-
1 and ATM coordinate monoallelic recombination and nuclear positioning
of immunoglobulin loci. Nat Immunol (2009) 10(6):655–64. doi:10.1038/ni.
1735
32. Steinel NC, Lee BS, Tubbs AT, Bednarski JJ, Schulte E, Yang-Iott KS, et al.
The ataxia telangiectasia mutated kinase controls Igkappa allelic exclusion by
inhibiting secondary Vkappa-to-Jkappa rearrangements. J Exp Med (2013)
210(2):233–9. doi:10.1084/jem.20121605
33. Ji Y, Resch W, Corbett E, Yamane A, Casellas R, Schatz DG. The in vivo pattern of
binding of RAG1 and RAG2 to antigen receptor loci. Cell (2010) 141(3):419–31.
doi:10.1016/j.cell.2010.03.010
34. Ji Y, Little AJ, Banerjee JK, Hao B, Oltz EM, Krangel MS, et al. Promoters,
enhancers, and transcription target RAG1 binding during V(D)J recombination.
J Exp Med (2010) 207(13):2809–16. doi:10.1084/jem.20101136
35. Liu Y, Subrahmanyam R, Chakraborty T, Sen R, Desiderio S. A plant home-
odomain in RAG-2 that binds Hypermethylated lysine 4 of histone H3 is
necessary for efficient antigen-receptor-gene rearrangement. Immunity (2007)
27(4):561–71. doi:10.1016/j.immuni.2007.09.005
36. Matthews AG, Kuo AJ, Ramon-Maiques S, Han S, Champagne KS, Ivanov D,
et al. RAG2 PHD finger couples histone H3 lysine 4 trimethylation with V(D)J
recombination. Nature (2007) 450(7172):1106–10. doi:10.1038/nature06431
37. Ramon-Maiques S, Kuo AJ, Carney D, Matthews AG, Oettinger MA, Gozani
O, et al. The plant homeodomain finger of RAG2 recognizes histone H3
methylated at both lysine-4 and arginine-2. Proc Natl Acad Sci U S A (2007)
104(48):18993–8. doi:10.1073/pnas.0709170104
38. Kafri T, Ariel M, Brandeis M, Shemer R, Urven L, McCarrey J, et al. Develop-
mental pattern of gene-specific DNA methylation in the mouse embryo and
germ line. Genes Dev (1992) 6(5):705–14. doi:10.1101/gad.6.5.705
39. Smith ZD, Chan MM, Mikkelsen TS, Gu H, Gnirke A, Regev A, et al. A unique
regulatory phase of DNA methylation in the early mammalian embryo. Nature
(2012) 484(7394):339–44. doi:10.1038/nature10960
40. Mostoslavsky R, Singh N, Kirillov A, Pelanda R, Cedar H, Chess A, et al. Kappa
chain monoallelic demethylation and the establishment of allelic exclusion.
Genes Dev (1998) 12(12):1801–11. doi:10.1101/gad.12.12.1801
41. Selimyan R, Gerstein RM, Ivanova I, Precht P, Subrahmanyam R, Perlot T,
et al. Localized DNA demethylation at recombination intermediates during
immunoglobulin heavy chain gene assembly. PLoS Biol (2013) 11(1):e1001475.
doi:10.1371/journal.pbio.1001475
42. Nakase H, Takahama Y, Akamatsu Y. Effect of CpG methylation on RAG1/RAG2
reactivity: implications of direct and indirect mechanisms for controlling V(D)J
cleavage. EMBO Rep (2003) 4(8):774–80. doi:10.1038/sj.embor.embor904
43. Ji Y, Zhang J, Lee AI, Cedar H, Bergman Y. A multistep mechanism for the acti-
vation of rearrangement in the immune system. Proc Natl Acad Sci U S A (2003)
100(13):7557–62. doi:10.1073/pnas.0932635100
44. Goldmit M, Schlissel M, Cedar H, Bergman Y. Differential accessibility at
the kappa chain locus plays a role in allelic exclusion. EMBO J (2002)
21(19):5255–61. doi:10.1093/emboj/cdf518
45. Inlay M, Alt FW, Baltimore D, Xu Y. Essential roles of the kappa light chain
intronic enhancer and 3′ enhancer in kappa rearrangement and demethylation.
Nat Immunol (2002) 3(5):463–8. doi:10.1038/ni790
46. Zhou X, Xiang Y, Garrard WT. The Igkappa gene enhancers, E3′ and Ed,
are essential for triggering transcription. J Immunol (2010) 185(12):7544–52.
doi:10.4049/jimmunol.1002665
47. Lichtenstein M, Keini G, Cedar H, Bergman Y. B cell-specific demethylation:
a novel role for the intronic kappa chain enhancer sequence. Cell (1994)
76(5):913–23. doi:10.1016/0092-8674(94)90365-4
48. Kirillov A, Kistler B, Mostoslavsky R, Cedar H, Wirth T, Bergman Y. A role for
nuclear NF-kappaB in B-cell-specific demethylation of the Igkappa locus. Nat
Genet (1996) 13(4):435–41. doi:10.1038/ng0895-435
49. Levin-Klein R, Kirillov A, Rosenbluh C, Cedar H, Bergman Y. A novel pax5-
binding regulatory element in the Igkappa locus. Front Immunol (2014) 5:240.
doi:10.3389/fimmu.2014.00240
50. Tahiliani M, Koh KP, Shen Y, Pastor WA, Bandukwala H, Brudno Y, et al. Con-
version of 5-methylcytosine to 5-hydroxymethylcytosine in mammalian DNA
by MLL partner TET1. Science (2009) 324(5929):930–5. doi:10.1126/science.
1170116
51. Guo JU, Su Y, Zhong C, Ming GL, Song H. Hydroxylation of 5-methylcytosine
by TET1 promotes active DNA demethylation in the adult brain. Cell (2011)
145(3):423–34. doi:10.1016/j.cell.2011.03.022
52. He YF, Li BZ, Li Z, Liu P, Wang Y, Tang Q, et al. Tet-mediated formation of 5-
carboxylcytosine and its excision by TDG in mammalian DNA. Science (2011)
333(6047):1303–7. doi:10.1126/science.1210944
53. Inoue A, Zhang Y. Replication-dependent loss of 5-hydroxymethylcytosine in
mouse preimplantation embryos. Science (2011) 334(6053):194. doi:10.1126/
science.1212483
54. Hashimoto H, Liu Y, Upadhyay AK, Chang Y, Howerton SB, Vertino PM, et al.
Recognition and potential mechanisms for replication and erasure of cytosine
hydroxymethylation. Nucleic Acids Res (2012) 40(11):4841–9. doi:10.1093/nar/
gks155
www.frontiersin.org December 2014 | Volume 5 | Article 625 | 5
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Levin-Klein and Bergman Epigenetic control of allelic exclusion
55. Di Ruscio A, Ebralidze AK, Benoukraf T, Amabile G, Goff LA, Terragni J, et al.
DNMT1-interacting RNAs block gene-specific DNA methylation. Nature (2013)
503(7476):371–6. doi:10.1038/nature12598
Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.
Received: 17 September 2014; accepted: 22 November 2014; published online: 05
December 2014.
Citation: Levin-Klein R and Bergman Y (2014) Epigenetic regulation of monoallelic
rearrangement (allelic exclusion) of antigen receptor genes. Front. Immunol. 5:625. doi:
10.3389/fimmu.2014.00625
This article was submitted to B Cell Biology, a section of the journal Frontiers in
Immunology.
Copyright © 2014 Levin-Klein and Bergman. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use, dis-
tribution or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.
Frontiers in Immunology | B Cell Biology December 2014 | Volume 5 | Article 625 | 6
